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HIGH ACCURACY MEASURING AND CONTROL 
OF LOW FLUID FLOW RATES 

BACKGROUND OF THE INVENTION 

1. Cross-Reference to Related Applications 

[0001] The present application is a continuation-in-part of our co-pending U.S. Patent 
Application, "High Accuracy Measuring and Control of Low Fluid Flow Rates," 
Serial No.10/156,402 filed May 28, 2002. 

2. Field of the Invention 

[0002] The present invention relates to measuring and control of fluid flow, particularly at 
low fluid flow rates. More particularly, the present invention permits such measurement and 
control without introducing measxuing sensors or devices into the path of the fluid flow. 

3. Description of the Related Art 

[0003] Measurement of the flow or flow rate of a fluid in a conduit, particularly, at very low 
fluid flow rates, has been a problem if attempted using conventional flow sensors. At very low 
flow many fluid sensors do not operate properly. For example, velocity flow meters such as 
turbine wheel flow sensors cease to operate due to there being insufficient energy in the fluid to 
rotate the wheel. Differential pressure flow sensors can at times operate at low flows, but the 
smaller flow orifices required for low flows have been prone to obstruction if there were 
suspended particles in the fluid. Also, pressure drops across the orifices could be significant. 
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[0004] Most thermal flow sensors have the temperature sensing mechanism as a resistance 
bridge circuit or as a part of the entire temperature variant area whereby a change in flow has the 
equal and opposite effect on the two halves of the sensor. This can have a limiting effect on the 
range of the sensor and ambient temperature changes can affect the accuracy. 

[0005] Specialized flow sensing techniques have been attempted in certain cases. For 
example, U.S. Patent No. 5,035,138 used a resistive material formed of a special alloy as a tube 
or conduit through which a gas flowed. The special alloy was selected because of a high 
electricar resistivity and a high temperature coefficient of resistance. A voltage differential was 
applied to the resistive alloy conduit at defined positions. The resistive material of the conduit 
was used to heat the fluid flowing in it according to the voltage differential applied. The 
resistive alloy material tube acted both to heat the fluid and as an indicator of flow conditions. 
Spaced portions of the tube wall served as temperature sensitive resistors which developed a 
voltage differential as flow rates through the tube varied. The flow sensor of this patent required 
that the fluid tube or conduit be formed of a special resistive alloy having a high change in 
resistance value as a fimction of temperature change. 

SUMMARY OF THE INVENTION 
[0006] Briefly, the present invention provides a new and improved system for measuring the 
flow of fluid in a conduit which is transporting the fluid. The system includes a flow sensing 
assembly contained in a housing which reduces imwanted temperature effects o the flow sensing 
measurements. The flow sensing assembly includes a set of at least two heat detectors mounted 
on the conduit in the flow sensing assembly at spaced positions fi-om each other on the conduit. 
The heat detectors measure the temperature of the fluid and conduit at the spaced positions. A 
set of at least two power applicators is mounted on the conduit at different locations along the 
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conduit. The power applicators apply electrical power in the form of pulses of electrical current 
to the conduit to heat the conduit and the fluid in the conduit at an established temperature 
differential between the different locations. A control mechanism measures the level of power 
furnished to the power applicators to maintain the estabhshed temperature differential, and thus 
provide an indication of the flow rate based on the energy measured by the control mechanism. 

[0007] The present invention is also adapted to control the flow of fluid at a measured rate of 
flow. A flow regulating valve responsive to the measure of the fluid flow is provided to control 
the flow of fluid to a desired flow rate based on the measured fluid flow rate. 

[0008] The present invention does not require that any sensing devices be placed in the path 
of fluid flow in the conduit, and thus also affords a straight-through flow design for the conduit. 
The present invention requires only a small temperature differential for flow rate measurement 
and does not degrade temperature sensitive fluids. 

[0009] The present invention also makes flow rate measurements while causing a relatively 
low pressure drop. The conduit in which flow is measured according to the present invention is 
formed of an electrically conductive material such as stainless steel, and the interior of the 
conduit may be coated with a suitable corrosion-resistant synthetic resin film. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] Fig. 1 is a side elevation view, taken partly in cross-section, of a flow rate sensor 
according to the present invention. 

[0011] Fig. 2 is a plan view of a conduit in the flow rate sensor of Fig. L 
[0012] Fig. 3 is a cross-sectional view taken along the lines. 
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[0013] Fig. 4 is a functional block diagram of electronic components of an electrical circuit of 
the flow rate sensor of Fig. 1. 

[0014] Fig. 5 is a schematic diagram of an adaptive response unit of the circuit of Fig. 4. 

[0015] Fig. 6 is a schematic diagram of a pulse driver unit of the circuit of Fig. 4. 

[0016] Fig. 7 is a schematic diagram of a flow control version of the flow rate sensor of 
Fig. 1. 

[0017] Figs. 8A, 8B, 8C, 9A, 9B, 9C, IDA and lOB are graphs illustrating performance of a 
flow rate sensor according to the present invention. 

[0018] Fig. 1 1 is an elevation view, taken partly in cross-section, of another embodiment of a 
flow rate sensor according to the present invention. 

[0019] Fig. 12 is a schematic electrical circuit diagram of portions of the flow rate sensor of 
the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0020] hi the drawings, the letter S designates generally a system according to the present 
invention for measuring the flow of fluid in a direction indicated by an arrow A through a 
conduit C which is enclosed in a housing body B. The fluid may be a gas or a liquid, and the 
present invention is particularly adapted for measuring low flow rates of fluid in the conduit C. 
As will be set forth, the system S of the present invention may sense flow rates of milliliters per 
minute of fluids, such as gasses or Uquids. 
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[0021] The conduit C includes an inlet section 10 for incoming flow of fluid being measured 
according to the present invention. The conduit C is made of conventional stainless steel having 
low resistance to electrical current, such as 304 or 316 stainless steel. Such a material has a low 
thermal coefficient of resistance, which minimizes change in the resistance of the conduit C with 
change in temperature. The inlet section 10 is cylindrical in cross-section for the flow of fluid 
within an interior passageway 11 surrounded by a cylindrical tubular wall 10a. In one 
embodiment of the present invention, the inlet section 10 has an outside diameter of .050" and an 
inner dimension of .02". If the fluid which is being measured for flow rate according to the 
present invention is a corrosive fluid, the interior wall 10a of the conduit C may be coated or 
sleeved with a suitable corrosion-resistant material, such as a fluorinated hydrocarbon or other 
corrosion-resistant synthetic resin film coating. 

[0022] A first heat detector or thermocouple 12 or other suitable heat sensing device capable 
of forming an electrical indication of sensed temperature is attached by suitable techniques to the 
inlet section 10. The thermocouple 12 senses ambient or reference temperature of the tube inlet 
section 10 and the incoming fluid to be measured in the system S. A heat transfer section 14 is 
formed in the conduit C in the downstream direction of fluid flow fi:om a transition area 16 of the 
inlet section 10. In the transition area 16, the conduit C changes fi-om a cylindrical or tubular 
cross-section to one better adapted for heat transfer as will be set forth. 

[0023] A power applicator electrical contact 18 in the form of a Monel solder tab or other 
suitable connector is formed such as by clamping or laser welding or similar techniques on the 
heat transfer section 14 of the conduit C. The contact 18 is in mechanical and electrical contact 
with the section 14 for connection through an electrical conductor 20 to an electronic control 
circuit E (Figures 1 and 3) of the system S. In the preferred embodiment, the conductor 28 is a 
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copper braid conductor although it should be understood that other suitable electrical conductors 
may be used. With the present invention, the reference temperature sensing thermocouple 12 is 
located outside of, and upstream, of the heat transfer section 14. 

[0024] The heat transfer section 14 of the conduit C extends from the transition area 16 to a 
second transition area 22 conmiunicating with a cylindrical outlet portion 24. The conduit C 
reverts to a cylindrical cross-section in the second transition area 22. A power applicator 
electrical contact 26 of like or similar form to the electrical contact 18 is formed on the conduit C 
in a comparable manner to the contact 18 adjacent the transition area 22 and the outlet portion 
24. The electrical contact 26 is connected to the electronic circuit E by a conductor 28 of hke or 
similar form to the conductor 20. A second heat detector or thermocouple 30 or other suitable 
heat sensing device of a same or comparable type to the thermocouple 12 is mounted on the 
conduit C. 

[0025] In the preferred embodiment, the second heat detector thermocouple 30 is mounted on 
the conduit 30 between the location of the applicators 18 and 30. It has been found with the 
present invention that a preferable location is midway between the apphcators 18 and 30 or at a 
generally central location in the heat transfer section 14. The second heat detector 30 is located a 
suitable spaced distance along the heat transfer section 14 from thermocouple 12 to sense the 
temperature of the conduit C and its fluid contents at a location allowing for a measurable 
temperature differential to exist. The second temperature sensor thermocouple 30 detects any 
rise in temperature of the heat transfer section 14. Thus, for a fixed or given rise in temperature, 
the differential response is not sensitive to changes in ambient temperature of fluid entering the 
system S. This, in conjunction with the stainless steel material of the conduit C discussed above, 
makes the output of the sensor less sensitive to changes in ambient temperature of the fluid. This 
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is in contrast to flow sensors that rely on a change of resistance of the sensing element as the heat 
transfer rate changes with the rate of flow of the fluid 

[0026] As will be set forth, electrical current flows through the heat transfer section 14 in the 
walls of the conduit C between the electrical connectors 20 and 26 to maintain a specified 
temperature differential between the spaced location of the thermocouples 12 and 30 on the 
conduit C. 

[0027] The heat transfer section 14 may be flattened, using a press or other suitable 
mechanism, over the extent of the heat transfer area fi-om the transition section 16 to the 
transition section 22 for more efficient heat transfer fi"om the conduit C to the fluid contained in 
it. For example, heat transfer section 14 is flattened over a length of less than 1 inch, preferably 
about 0.40 inch, firom the cylindrical or tubular shape of the inlet and outlet sections 10 and 24. 
The resulting heat transfer section is a flattened ellipse in cross-section, having a lateral extent, 
as is shown by generally flat upper walls 32 and 34. The upper and lower walls 32 and 34 are 
connected at their end sections by arcuate side walls 35 (Fig, 3) about a flattened inner 
passageway 36 which is 0.046" wide and 0.020" high. If desired, the heat transfer section need 
not be flattened fiiUy to the flattened ellipse, but may be a more oval eUipse, depending on the 
required amount of heat transfer. 

[0028] The configuration of the heat transfer section 14 improves thermal contact between the 
heat-bearing mass of the walls of the conduit C and the fluid passageway 36 and provides for 
thermal uniformity of the fluid in the conduit C as it travels through the heat transfer section 14. 
As noted, the flattened cross-section configuration of the heat transfer section 14 may be any 
suitable degree of elliptical or oval shape to achieve the desired heat transfer without introducing 
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significant pressxire drops over the range of fluid flow rates up to the maximum flow rate 
expected in the fluid being measured. 

[0029] The flow sensing assembly S is entirely enclosed in a conductive metal, preferably 
aluminum, block housing 40 (Fig. 1 1) of the housing body B. The flow conduit 1 1 is a straight 
through tube with an entrance at one side of the block 40 and with an exit at an opposite side 40b 
of the block 40. The flow conduit 1 1 is fully enclosed within and does not extend outside of the 
boundaries of the block 40. As noted above, the flow tube 1 1 does not have externally attached 
heaters. Rather, the heating mechanism is accomplished by the attachment of electrical 
connectors 18 and 26 attached mechanically and electrically to the conduit C. The conduit C is 
supported at both ends by ferrules 42a and 42b. The ferrules 42a and 42b are of a suitable 
insulative synthetic resin, PTFE or graphite type material, both of which are excellent insulators. 

[0030] The flow conduit 11 is subjected to electrical energy pulses between connectors 18 
and 26. However, the flow conduit 1 1 is insulated from the block by the insulating ferrules 42a 
and 42b. Also, the conduit 1 1 is enclosed entirely within the body of the aluminum bock 40. 
Thus, there is no electrical conduction to any entity outside the block 40. 

[0031] Further, there should be no conduction of electrical currents to the outside 
environment through the fluid medium in the conduit 11. If the fluid medium is liquid such as 
DI or deionized water, the electrical resistance of the water is very high and no significant 
electrical path is present through the water. If the fluid medium is a more conductive liquid such 
as acids, then the fluid conduit 11 may, as noted above, have a corrosion protecting and 
insulating material attached to the internal wall of the conduit 11, such as PTFE or comparable 
synthetic resin coating. A synthetic resin coating of this type provides electrical insulation as 
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well as corrosion resistance. The use of synthetic resin tubing for making external connections 
also minimizes any stray currents. 

[0032] Additionally, any small electrical currents that might possibly be induced into the 
liquid within the conduit 1 1 are conducted to ground as the fluid passes in contact with stainless 
steel fittings 41a and 41b located at entry port 1 la and exit port 1 lb of the flow conduit 11. The 
fittings 41a and 41b are in electrical and mechanical contact with the block 40 

[0033] A heat exchanger cylinder body 43 is positioned about an inlet portion 1 li of the flow 
conduit 1 1 before the heat detector thermocouple 12. The heat exchanger body 43 is formed of a 
suitable material, such as aluminum or similar material. The heat exchanger body is electrically 
insulated from the conduit by a thin insulative wall section 44 or tubing of PTFE or other 
suitable synthetic resin. The tubing 44 is placed between the outer surface of the conduit 1 1 and 
the internal surface of the cylindrical shaped heat exchanger 43. Any void spaces between the 
heat exchanger 43 and the tubing 44 may, if desired, be filled with a heat sink compound. This is 
done to provide close thermal coupling between the heat exchanger and the conduit. 

[0034] For a fluid entering the inlet port 11a of the flow sensor which is at a different 
temperature than ambient or the flow sensor block 40, the heat exchanger 43 allows the 
temperature of the fluid to equilibrate to the temperature of the block 40 by the time the fluid 
reaches the temperature sensor 12. The heat exchanger cylinder 43 inserted in and in close 
thermal contact with the aluminum block 40. 

[0035] Temperature sensors 12 and 30 are electrically connected to a connector terminal 
block 45. The AT signal developed at lines 50 and 52 is, as noted above, the voltage derived 
from the subtracted voltages developed by the temperature sensors 12 and 30. The terminal 
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block 45 is mounted within a recessed position within the aluminum block 40. Any temperature 
gradient possibly existing or imposed across the terminal block connections 45a and 45b might 
cause the thermocouple wire-copper wire junctions to act as new thermocouple junctions, which 
could cause an error in the AT signal The terminal block 45 location in block 40 is provided to 
prevent such a signal error. 

[0036] The flow sensor conduit 11, thermocouple heat sensors 12 and 30, and terminal block 
45 are recessed into suitably formed receptor cavities of the aluminum block 40. The aluminum 
block 40 has sufficient mass so that the conduit, heat sensors, and terminal block experience a 
minimum of temperature distribution gradients as ambient and/or fluid temperatures change. 
Thus, the accuracy of the output measurements from the flow sensors are not affected by external 
environmental conditions. A cover plate to enclose the components of Fig. 1 1 within their 
respective cavities is provided. The contents in each cavity of the aluminum block 40 are thus 
sealed with the overlay plate composed of a lexon-type synthetic resin or other suitable material. 

[0037] Alternatively, the conduit C may be located within an outer housing so that the flow of 
fluid is over the outer surface of the conduit C. The outer surface is preferably coated with a 
suitable corrosion resistant material, of the type discussed above. In such a case, the conduit or 
tube C has an outside diameter of .050" and has the instrumentation connections located within 
inner portions. The conduit C heats the fluid and the outer surface of the conduit C is in contact 
with the flow of the fluid for heat transfer in the manner described above. This configuration 
allows use of a conduit which lends itself more readily to application of a corrosion-resistant 
coating. Also, sealing between the conduit C and the outer housing is easier to achieve and 
maintain 
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[0038] The electronic circuit E of the present invention provides electrical power in the form 
of electrical current which is furnished to power applicator electrical contacts 18 and 26 to heat 
the fluid in the conduit C and maintain an established temperature differential between the 
locations of the heat detector thermocouples 12 and 30. The thermocouples 12 and 30 may be, 
for example, conventional type J or type K thermocouples or other suitable types of comparable 
operation and characteristics. The electronic control circuit C also provides an output that is 
indicative of the level of power furnished to the electrical contacts 18 and 26 to maintain the 
established temperature differential so that a measure of the fluid flow rate may be provided by 
an indicator D. 

[0039] In the electronic circuit E (Fig. 4) of the system S, the thermocouples 12 and 30 are 
connected by electrical connectors 50 and 52 to inputs 54 and 56, respectively, of a low noise 
stabilized differential amplifier 58. The differential amplifier 58 is a conventional one, a 
commercially available low noise stabiUzed amplifier of the type providing for temperature 
stability of measurements furnished to subsequent amplifier stages. Differential amplifier 58 
forms an output signal on a lead 60 representing the temperature difference AT between that 
sensed by the temperature sensing thermocouples 12 and 30 on the conduit C. 

[0040] The temperature differential signal on the lead 60 is furnished to a first input 62 of a 
comparator or instrumentation ampUfier 64. The comparator amplifier 64 is part of an 
instrumentation amplifier of the conventional type which receives at a second input 66 a signal 
level representing a reference temperature differential setting. The comparator amplifier 64 
forms an output error signal on a lead 68 representing the variation of the temperature 
differential sensed between the temperature sensors 12 and 30 on the conduit C and the reference 
temperature differential provided to the second input 66. 
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[0041] Included in or provided to the instrumentation amplifier 64 is an intemal reference 
voltage that is used to develop a temperature set reference applied to the input of the comparator 
amplifier. The instrumentation amplifier 64 also provides for control of the gain of the 
comparator amplifier, thus providing control of the gain of the error signal output 68, the purpose 
of this fiinction is described in more detail below. 

[0042] The output error signal firom the comparator amplifier 64 is fiimished on a lead 68 to 
an adaptive response circuit 70 (Fig. 6). The adaptive response circuit 70 includes an integrator 
70a, an error signal boost amphfier 70b, an absolute value amplifier 70c, a response boost circuit 
70d, a summing junction and signal level shift circuit 70e, a pulse width generator circuit 70f, a 
bi-directional switch 70g, and a signal response sensitivity modulator 70h. 

[0043] The adaptive response circuit 70 does not use fixed filtering or integration time. The 
tracking response of the circuit 70 is varied to provide fast response at high flow and slow 
response at zero or near zero flow, which is necessary due to the wide range of the thermal 
response of the flow tube as the flow changes between the maximum and minimum flow rates of 
the flow range established for the system S. Additionally, the tracking response is reduced as the 
rate of flow approaches zero to provide an output with minimum fluctuations. 

[0044] The input to the adaptive response circuit on line 68 is the error signal developed from 
the instrumentation amplifier 64. The error signal is amplified by the error signal boost amplifier 
70b, the gain being determined by the amplitude of the error signal. At very low amplitude, the 
amplifier 70b has higher gain to increase the response of the flow sensing to a very small change 
in flow rates. At a predetermined higher amplitude of the error signal, the gain of the amplifier 
70b is reduced. The amplifier 70b provides a signal on conductor 71 which is bi-directional. 
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The signal on conductor 71 is processed by the absolute value amplifier 70c to produce a single 
polarity signal regardless of the polarity of the signal on line 71. The purpose is to generate a 
control signal on conductor 72 that is responsive to the magnitude of the error signal as it 
deviates from zero volts. An error signal at a level of zero volts represents equilibrium of the 
flow sensor systems. 

[0045] The output of amplifier 70c on line 72 goes a response boost circuit 70d. The 
response boost circuit 70d has no output until the input on line 72 exceeds a predetermined level. 
At such a time, the output on a line 73 increases to a level that forces the flow sensors to rapidly 
track a fast changing flow rate. When the error signal drops below the predetermined level, the 
output of response boost circuit 70d drops to no output and in effect slows the fast response of 
the system to prevent overshoot of the response. 

[0046] An output signal on a line 74 from the sensitivity modulating circuit 70h becomes 
active when the flow rate is at or very near zero. The signal on conductor 74 also is provided to 
the summing junction 70c. The signal on line 74 has the effect of reducing the effects of control 
signals on lines 72 and 73 in a controlled maimer. The summing circuit 70e provides an output 
on line 75 that goes to a pulse width generator 70f. 

[0047] The magnitude of the signal on line 75 causes the pulse generator to develop a pulse 
output on conductor 76 that has a duty cycle of 0-96% dependent upon the control voltage input 
to the generator 70f The pulse on line 76 turns switch 70g on and off according to the duration 
of the pulse width. The pulse width generator 70f is preferably a commercially available 
integrated circuit normally used in high efficiency power supplies. The switch 70g apphes and 
isolates the continuity of the error signal to the integrator circuit 70a. The time constant of the 
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circuit 70a is determined by the values of a resistor 70i and a capacitor 70j. This time constant 
can be increased by the percent of duty cycle of the pulse width generator output as controlled by 
the previously described input signal characteristics. The time constant of the integrator is now 
represented by the equation: 

Time constant = Rvoi * Cvoj / % duty cycle 

[0048] The polarity and also the rate of change of the tracing response of integrator 70a is 
controlled by the magnitude and polarity of the error signal of line 68 applied to switch 70g. 
Thus the tracking response of the circuit 70 is represented by the equation: 
Tracking Response Rage = error signal voltage / (Ryoi • Cvoj / % duty cycle) 

[0049] The output of adaptive response circuit 70 on line 86 is fed back to the signal 
sensitivity management circuit 70h. The flow sensor tube has an output that is linear up to some 
level of flow, at which point the sensitivity starts to decline due to the faster flow rate. This 
causes the temperature distribution in the flow tube to be displaced to such an extent that the 
output no longer increases in direct proportion to the flow rate. However, this effect is 
reproducible and can be compensated for. 

[0050] Thus the signal on hne 86 is processed by the circuit sensitivity management circuit 
70h so that at certain predetermined levels of the signal on line 86, control signals are sent via 
line 74 to the summing circuit 70e as explained. The signal on line 86 is also provided via line 
87 to the instrument amplifier 64 as the flow rate increases and sensitivity to flow change 
decreases, at predetermined levels. The gain of amplifier 64 is increased to compensate and 
provide an error signal that has the same sensitivity to flow rate change, regardless of the flow 
rate. This results in a fast, smooth response of the system over the whole flow range. 



HOUSTONXl 629405.1 



14 



[0051] Without the compensation of adaptive response circuit 70, the system response would 
be sluggish at high flow and would overshoot or be out of control at very low flow rates. The 
adaptive response circuit 70 allows this flow sensor S to operate having a greater dynamic range 
that is normally presented. The term "tum-down-ratio" is know in the industry as the ratio of the 
maximum flow to the minimxmi flow capabilities of the flow sensor. The tum-down-ratio of 
flow sensing according to the present invention has been demonstrated to be relatively high, on 
the order of 200 or greater. The combined effect of the adaptive response circuit 70 allows the 
flow sensor to perform in a controlled manner to present an output that has a smooth, fast 
response over an extended flow range. 

[0052] The output signal from adaptive response circuit 70 is also furnished to a linearization 
and output circuit 72 where the response signal is linearized and put in a suitable format, such as 
a suitable level of voltage of direct current 0-5 V. Linearization and output circuit 72 may, for 
example, be in one embodiment, a multi-step correction circuitry, consisting of conventional 
operational amplifiers, that modulates the output of circuit 70 so that the output of circuit 72 
represents an accurate indication of flow and provides a suitable level output signal. 

[0053] The output signal fi-om circuit 72 is provided for storage, processing and display 
purposes in a suitable indicator or display D, which may have a suitable record-keeping 
mechanism or memory associated therewith. The display D may be, for example, a Model 250 
display available firom McMillan Company, Assignee of the present application. If desired, the 
response signal may be converted into digital formal for digital processing, computation and 
storage in a suitable display D. The display output from the output circuit 72 represents the 
present value of the flow rate sensed of fluid in the conduit C by the system S according to the 
present invention. 
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[0054] The output response from 70a of amplifier 70c of adaptive response circuit 70 is 
furnished over conductor 86 to a vohage-to-frequency converter 74. The voltage-to-frequency 
converter 74 takes the form, for example, of the voltage-to-frequency portion of a commercially 
available phase-locked loop. It can be any suitable, commercially available voltage-to- 
frequency, or V/F, converter. The level of the output response from amplifier 70c of the 
adaptive response circuit 70 causes an appropriately correlated variation in the output frequency 
of a signal on conductor 76 from the converter 74. The output frequency from the converter 74 
is furnished to a pulse driver circuit 80. The voltage-to-frequency converter 74 is provided with 
a signal at a zero input 82 and a span input 84, respectively, for calibration purposes. 

[0055] The pulse driver circuit 80 (Fig. 7) receives drive pulses over connector 76 from 
voltage-to-frequency converter 74. The pulse driver circuit 80 is connected through conductors 
20 and 28 to electrical connectors 18 and 26, which are mounted with the tube or conduit C. The 
pulse driver circuit 80 includes an electrical switch 80a, preferably a MOSFET switch, a power 
regulator 80b connected to a suitable power source and a storage capacitor 80c storing electrical 
energy for flow as current pulses through the tube C. The pulse driver circuit 80 also includes a 
pulse shaping and stabilization circuit 80d and a pulse driver circuit 80e. The pulse driver circuit 
80 is a low impedance pulse driver, providing low voltage, high current pulses when switch 80a 
is conductive. Operation of switch 80a is at a frequency govemed by the output frequency of the 
voltage/frequency converter circuit 74. The low voltage, high current pulses from the pulse 
driver circuit 80 flow through the walls 32 and 34 of the flattened heat-transfer section 14 of the 
conduit C between the connectors 18 and 26. 

[0056] The pulse shaping and stabilization circuit 80d receives a pulse from the 
voltage/frequency converter 74 on line 76 at a rate govemed by the magnitude of the signal from 
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the adaptive response circuit 70. The pulse shaping and stabihzation circuit 80d converts pulses 
received to precision width pulses on output line 77 of approximately 25 microseconds. The 
pulse on line 77 is received by the pulse driver circuit 80e that further provides the signal 
requirements of appropriate level and form over conductor 78 to drive the input of power 
MOSFET switch 80a. The output pulses on line 78 from pulse driver circuit 80e turn the 
MOSFET switch 80a on and off in a very short duration of time to avoid power losses during the 
on and off transition time of the switch. 

[0057] The pulse driver circuit 80 delivers precision, high peak energy pulses to the stainless 
steel flow-tube C to rapidly and precisely heat the tube C and the fluid flowing in it. Operation 
of pulse driver circuit 80 results in low average power being consumed; low energy losses; and 
the heat energy applied being proportional to the flow of the fluid. 

[0058] When flowing liquids, considerable energy is required to raise the temperatiu-e of the 
flowing liquid, as compared to air. The heating conduit C, having a low electrical resistance, 
requires an efficient drive circuit capable of precision heating with a minimum loss of energy 
dissipated in other parts of the circuitry. The pulse driver circuit 80 is capable of controlling the 
large differences in power required when flowing high and low rates of liquids and gasses. 

[0059] The present invention may also be used to provide a flow control system F (Figure 5). 
In the flow control system F like structure to that of the system S functioning in a like manner 
bears like reference numerals. In the flow control system F, the output signal from the 
linearization and output circuit 72 of the electronic circuit E is furnished to an electrically 
operated flow control valve 90 located in the conduit C downstream from the heat transfer 
section 14. Thus, as the flow rate of the fluid in the conduit C varies, the electronic circuit E 
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provides indications to the flow control valve 90 to regulate the rate of flow of the fluid through 
the conduit C to a desired level. Flow control valve 90 may be of a conventional type or of a 
type available from the Assignee of the present application, McMillan Company. 

[0060] While at first appearance to some, the practice of attaching electrical power to a 
conduit wall of very short length may seem to be a short circuit, and normally would, as the 
resistance of the conduit 1 1 in the enclosed embodiment of the present invention is in the order 
of 0.020 ohm. This, however, is not the case as those skilled in the art may recognize. All 
metallic materials have some finite resistance across a specified volxmie of their mass. Generally, 
this resistance changes to some degree with temperature changes. A current applied across such 
a resistance dissipates energy in the form of heat that increases the temperature of the material. 

[0061] Even though the resistance of the short section of conduit 11 is very small, it still 
fimctions very well as a heater provided the power source has a sufficiently low resistance for 
efficient transfer of electrical energy. Because of the very low resistances involved, the power 
driver circuit of the present invention has very low intemal resistances, as are required. 

[0062] Fig. 12 is a simplified schematic electrical circuit diagram of the circuit to explain this. 
Referring to Fig. 12, in one example the combined resistance of conductor wires 20, 28, 81a, 81b, 
81c, 8 Id, switch 80a, and intemal and lead wire resistances of capacitor 80c is approximately 
0.012 ohm. To provide small amounts of average power to control to a very tiny fraction of a 
degree Fahrenheit of temperature, fiiU power is applied for a very short duration of time. In the 
present invention, power is applied for 25 microseconds per pulse. With fixed voltage, current, 
and pulse width, each pulse imparts the same amount of energy to the heated part of the conduit 
1 1 . The amount of heat required to maintain equilibriimi of temperature with different flow rates 
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of a fluid in the conduit is controlled by the frequency of the pulses applied to the conduit. The 
heating circuit is subjected to high current pulses, the energy being supplied by the storage 
capacitor 80c. The energy lost by the capacitor 80cis restored by a much lower current and 
during a longer period of time between pulses. 

[0063] Figures 8A and 9A are basic response curves of a flow rate sensor according to the 
present invention to the flow of water and air, respectively, at the flow rates indicated. The data 
shown was obtained during preliminary testing and was obtained from the values and dimensions 
of the indicated flow tube C. Refinements and dimensioiial changes are expected to improve 
operating parameters for different flow rates and fluids. These figures illustrate a sensitive 
response to flow changes at low volume flow rates of these fluids. Figures SB and 9B represent 
the responses of Figures 8 A and 9A, respectively, after linearization. The linearized responses 
indicate the accuracy obtained with the flow sensor of the present invention at known input flow 
rates. In addition, Figures 8C and 9C indicate the accuracy obtained in the data of Figures 8B 
and 9B, respectively, as a percentage of full scale readings. 

[0064] Figures IDA and lOB are plots of test data similar to that of Figures 8 A and 9 A, with 
water and diesel fuel being the liquid flowing at the milliliters/minute rates indicated. 
Comparable accuracy and sensitivity are indicated in Figures lOA and lOB to the results 
discussed above and shown in Figures 8A and 9A. 

[0065] The present invention can be seen to provide a sensitive, accurate thermal flow sensor 
for fluids and gasses. The flow sensor of the present invention is a simple mechanical device 
which indicates a wide dynamic flow range. The flow sensor S of the present invention possess 
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high efficiency and precision heating controls, and can be constructed of readily available 
components at low cost. 

[0066] The foregoing disclosure and description of the invention are illustrative and 
explanatory thereof, and various changes in the size, shape and materials, and components, as 
well as in the details of the illustrated construction may be made without departing firom the 
spirit of the invention. 
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